The effects of additions of nickel to magnesium over the composition range from 0 to 40.41 and of copper, aluminium, and tin to magnesium by 15.10%, 18.40%, and 21.40%, respectively, on the internal friction and Young's modulus have been investigated by use of the flexural vibration method at room temperature. It was generally found that the Mg-Mg2Ni hypo-eutectic alloy samples had the well-defined amplitude-dependence of internal friction which resulted in a very high damping capacity at higher stress levels. The damping capacity of the eutectic and hyper-eutectic samples of the Mg-Mg2Ni alloy and also of the hypo-eutectic samples of the Mg-Mg2Cu, Mg-Mg17Al12, and Mg-Mg2Sn alloys was not so high as that of the hypo-eutectic samples of the Mg-Mg2Ni alloy. The effects of the size and shape of the magnesium phase, the solubility of the alloying elements in magnesium and the grain size on the behaviour of internal friction and Young's modulus were examined and discussed. The results were explained in terms of the vibrating string model of the dislocations in magnesium which were pinned weakly by impurity atoms. It is concluded that the very small solubility of nickel in magnesium and the dendritic or globular shape of the primary magnesium in the Mg-Mg2Ni hypo-eutectic samples are responsible for the much lower breakaway stress than that in other alloys and pure magnesium samples.
I. Introduction
According to the previous work on the internal friction and Young's modulus in single crystal and polycrystalline samples of pure magnesium of 99.95% purity, a well-defined amplitude-dependence of the internal friction and Young's modulus was found to exist in some special cases (1) . The amplitude-dependent internal friction was very sensitive to the crystal orientation. It was maximum in a single crystal with the maximum resolved shear stress factor, and was minimum in one with the minimum resolved shear stress factor. It was still larger in polycrystalline samples with equiaxed grains than that in the single crystal with the maximum resolved shear stress factor.
On the other hand, it was very small in polycrystalline samples with columnar grains or the (0001)-texture along the specimen axis. All the evidence has led to the conclusion that the amplitude-dependent internal friction and Young's modulus are caused by the movement of dislocations, which are weakly pinned by impurity atoms on the basal plane, and that it is possible for high-damping magnesium alloys to be newly developed on the basis of such a remarkable dislocation damping effect.
Before realizing the idea of the alloy development, it is firstly necessary to consider the improvement of the mechanical properties, because the strength of pure magnesium is not always sufficient for engineering use. Secondly, it is important to study the method for producing materials with equiaxed grains, so that the preferred orientation, which plays an important role in the reduction in the damping capacity, is not developed in the material during solidification. There are, generally, three different methods for strengthening materials; (1) solution hardening, (2) precipitation hardening, and (3) hardening by use of natural composite materials. Of the three methods, (1) and (2) seem to be not suitable for the present purpose, because the mobility of dislocations in magnesium would be decreased to a large extent by the solute atoms or the precipitated particles and hence the damping capacity would be very much reduced. Therefore, (3) seems to be the only way to improve the mechanical strength of the magnesium alloy without reducing the damping capacity. The eutectic reaction in the Mg-Mg2Ni system may be effectively utilized for production of the natural composite. Moreover, (3) is convenient for producing materials with equiaxed grains, since the addition of alloying elements to magnesium greatly increases the nucleation tendency of the primary magnesium, so that the occurrence of columnar grains may completely be avoided.
The purpose of the present paper is to prepare samples of natural composite materials of the magnesium basis, to study the amplitudedependent internal friction and Young's modulus of the samples, and to discuss the experimental results from the point of view of developing a new type of high-damping alloy.
II. Experimental Procedure
To prepare Mg-Mg2Ni alloy samples a commercial ingot of magnesium containing 0.01%Al, 0.006%Si, 0.002%Mn, 0.002%Fe, and 0.03%Zn was used as the raw material. Blocks cut from the ingot were melted in a graphite crucible under an argon atmosphere, and nickel sheets of 99.9% purity were added by appropriate amount to the melt. Then the melt was cast into a graphite mould. The castings were round bars of about 20mm in diameter and 150mm in length. The macrosegregation of the nickel in the ingot was almost completely eliminated by strongly stirring the melt before casting. It is much larger than that of pure magnesium sample 14B. It is, on the contrary, very small in samples 6A, 6B, and 7 of eutectic composition and 8A, 8B, 9, and 10 of hyper-eutectic composition.
Samples 6A and 6B solidified unidirectionally at the growth rate of 3 cm/hr have particularly low values of amplitudedependent internal friction. The internal friction in these samples was almost independent of the stress-amplitude. As the stress-amplitude increases, the internal friction in the hypereutectic samples 8A, 8B, 9, and 10 increases slightly at lower stress-amplitudes and has a tendency to be saturated at higher stressamplitudes.
The change in the Young's modulus E/E0 is also shown in Figs. 1 and 2, where E0 is the Young's modulus measured at the minimum stress-amplitude of 3g/mm2. It is confirmed that the observed amplitude-dependence of internal friction is always accompanied by the amplitude-dependent Young's modulus, and that the latter is much more pronounced in the hypo-eutectic and hyper-eutectic samples than in the eutectic samples. The amplitudedependence of Young's modulus in the hypereutectic samples is, however, rather curious.
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Microstructure
Photograph 1 shows microphotographs of hypo-eutectic samples 1A, 2, 3, 4A, and 5, whose internal friction behaviours have been shown in Fig. 1 , and of sample 11 of the MgMg2Cu alloy, whose internal friction behaviour will be shown in Fig. 3 . Each sample was etched by nital after polished in order to reveal primary magnesium dendrites (white area) and eutectic (dark area). The latter was recognized to be fine lamellar structure consisting of magnesium and Mg2Ni (or Mg2Cu in case of sample 11) under large magnification as shown in Photo. 2.
On the basis of Photos. 1 A-E it can be concluded that the primary magnesium dendrites are responsible for the well-defined amplitude-dependent internal friction and Young's modulus. The amount of the primary magnesium dendrites appears to have little influence on the internal friction and Young's modulus, if one compares the microstructure with the results in Fig. 1 .
Photograph 1F shows the microstructure of sample 11 as an example for other binary alloy systems than Mg-Mg2Ni. It also consists of primary magnesium dendrites (white area) and eutectic (dark area) similar to that of the Mg-Mg2Ni sample 3. The results obtained in sample 11 will be described in Fig. 3 . Samples 12 and 13 containing aluminium and tin, respectively, had also microstructures similar to sample 11. Photograph 2 shows the microstructure of the eutectic and hyper-eutectic samples of the Mg-Mg2Ni system. Fine lamellar structure consisting of magnesium (white area) and Mg2Ni (dark area) is seen. The large angular phase in Photo. 2A is the intermetallic compound Mg2Ni with a facet interface. The amount of this primary Mg2Ni phase increases with increasing nickel content in the hypereutectic alloy samples. The distance between the primary Mg2Ni and the eutectic Mg2Ni phases, i.e., the width of the magnesium phase adjacent to the primary Mg2Ni, was in some cases considerably larger than the normal lamellar spacing. This is shown by the arrow in Photo. 2A and is called "halo"(5), which will be described later.
Solubility of elements in primary magnesium
According to Hansen(6) the solid solubility of nickel in magnesium was reported to be less about 23.5% which was close enough to 22.35% and 22.63%, the chemical composition of samples 6 and 7, respectively. Metallographic examination of these two samples revealed that there was neither the primary magnesium nor the primary Mg2Ni phase in these samples and the whole specimen was solely composed of the eutectic. The strong amplitude.-dependence of internal friction and Young's modulus observed in the hypo-eutectic samples in Fig. 1 may be considered to be due to the movement of the dislocations in the primary magnesium, which are pinned weakly by the soluble impurity atoms. Therefore, the amplitude-dependent internal friction would be decreased considerably by addition of alloying elements which are soluble to a large extent in magnesium. This speculation can be elucidated through the measurement of the internal friction in the samples of hypo-eutectic composition with copper, aluminium, or tin, instead of nickel. According to the phase diagrams(6) the maximum solubilities of aluminium and tin in magnesium are 12.7% and 14.85%, respectively, whereas copper can dissolve in magnesium by about 0.5% at the eutectic temperature. As mentioned above, nickel can dissolve in magnesium by less than solubilities of the elements may play an important role in the movement of the dislocations in magnesium, although it is uncertain that all the soluble atoms of each element remains in solution until the samples are cooled down from high temperatures. Figure 3 shows the result of measurements of the internal friction and Young's modulus in samples 3, 11, 12, and 13. The result of pure magnesium sample 14B is also shown for comparison. It is interesting to know that samples 12 and 13 containing aluminium and tin, respectively, have no amplitude-dependence of internal friction and Young's modulus. While sample 11 containing less than 0.5% Cu in magnesium has considerably small but still detectable amplitude-dependence of internal friction and Young's modulus. Sample 3 of the Mg-Mg2Ni alloy, which has less than 0.1%Ni in magnesium, shows the largest amplitude-dependence of internal friction and Young's modulus. These results suggest that the soluble amount of the alloying elements in the primary magnesium is the most predominant factor determining the amplitudedependent internal friction and Young's modulus, and hence the speculation described above is shown to be correct.
The concentration of the alloying elements in the primary magnesium was investigated by means of the electron probe X-ray microanalysis, hardness testing, and theoretical calculation according to the Scheil equation using the equilibrium distribution coefficient of each alloying element. All the results did support qualitatively the concentration assumption described above. Since there was no marked difference in the shape, size, and volume fraction of the primary magnesium dendrites in the four samples, it was concluded that the soluble amount of each alloying element in magnesium was the most important factor determining the magnitude of the breakaway stress and hence the amplitudedependent internal friction and Young's modulus.
Size of primary magnesium
To investigate the effect of mean size of the primary magnesium on the internal friction behaviours, two hypo-eutectic samples containing 15.60%Ni were prepared in the following way. Sample 4A was prepared on slow cooling of the melt in the furnace to be of coarse dendrite structure, while sample 4B was prepared by water-quenching the melt inside of the graphite mould from a temperature slightly above the liquidus to room temperature to be of fine dendrite structure. The amplitudedependence of internal friction and Young's modulus measured in the two samples is shown in Fig. 4 . The microstructure of these samples is given in Photos. 3A and B. Figure 4 shows that the amplitude-dependent internal friction and Young's modulus are strong functions of the size of the primary magnesium. On the basis of the results of metallographic examination on a lot of other samples of the primary magnesium in different size, it was concluded that a well-defined amplitude-dependence of internal friction and Young's modulus could be observed when the mean size of the primary magnesium exceeded 10 microns. If, however, the size was less than about 10 microns, the amplitude-dependence of internal friction and Young's modulus disappeared almost completely. This fact suggests that it is necessary for the dislocations to have enough space to sweep around after hypo-eutectic alloy samples with 15.60%Ni; 4A: slowly cooled from the melting temperature to obtain coarse dendritic structure (Photo. 3A), 4B: water-quenched from the melting temperature to obtain fine dendritic structure (Photo. 3B).
the breakaway in order to cause well-defined amplitude-dependence of internal friction and Young's modulus. The slight increase in the internal friction with increasing stress-amplitude in the hypereutectic samples of Mg-Mg2Ni alloys, 8A, 8B, 9, and 10 in Fig. 2 , may be due to the local movement of the dislocations in the thick magnesium phase formed as "halo" on the primary Mg2Ni phase as shown by the arrow in Photo. 2. This "halo" is of 6-8 microns in thickness, while the eutectic magnesium lamellae in the samples prepared in the present investigation are about 3 microns in thickness. (Photos. 2A and B) The mechanism(5) of the formation of the "halo" is explained to be related to the depletion of nickel due to undercooling of the liquid adjacent to the primary Mg2Ni phase during solidification. The decrease in the relative Young's modulus with increasing stress-amplitude of samples 8A, 8B, 9, and 10 in Fig. 2 is anomalous, because the parameter according to the Granato-Liicke theory (7), is about 0.1. This value is too much smaller than that obtained in the hypo-eutectic MgMg2Ni alloy and pure magnesium samples,
i.e., r=0.8-1.1.
The mean size of the equiaxed grains or of the grobular grains must be greater than about 10 microns for keeping high-damping capacity.
If the size is smaller than this value, the dislocations in the magnesium phase cannot move and cause no breakaway even at high stress levels. The dislocations in magnesium are considered to be on the basal plane of the hexagonal close-packed structure, since only the basal slip system is operative at room temperature. The above conclusion does not contradict the previous suggestion(1), and will be more quantitatively explained later.
The fact that the addition of the alloying elements which are soluble in magnesium, i.e., aluminium or tin, decreases sharply the amplitude-dependent internal friction and
Young's modulus can also suggest that the high-damping capacity is caused by the breakaway mechanism of the dislocations from soluble impurity atoms which are segregated at dislocations to pinn them weakly.
Effects of shape and size of magnesium
To understand the effect of the shape change in the primary magnesium on the amplitudedependence of internal friction and Young's modulus, samples containing 5.80%Ni were solidified under different cooling conditions and then the breakaway stress measured for these samples was compared. The results are shown in Fig. 5 , where the surface area Sv of the primary magnesium phase per unit volume is taken as a parameter for describing the shape. The determination of Sv was made after the method proposed by DeHoff and Rhines (8) . It is interesting to know that the breakaway stress decreases from 36g/mm2 (sample 1D) to 7.8g/mm2 (sample 1A), as Sv increases from 27.86 to 35.76mm2/mm3. The data of other samples lB and 1C are located on a straight line connecting the two points of the above samples. Fig. 5 . The marked grain size dependence of the breakaway stress can be explained as follows. The pure magnesium samples used in the present investigation contained about 0.05% impurities in total. They are 0.01%Al, 0.006% Si, 0.002%Mn, 0.002%Fe, and 0.03%Zn, as described earlier. Silicon and iron atoms are not considered to be in solution in magnesium, since their solubilities are very small according to the phase diagrams (6) . On the other hand most of the aluminium, manganese, and zinc atoms are considered to exist as solute in magnesium, because their solubilities are large. These impurity atoms, especially the zinc atoms, will segregate on the dislocations to pinn them weakly. The mean length Lc between two pinning points on a dislocation line will be dependent on the amount of the soluble impurity atoms. If the grain size is small, the total area of the grain boundaries per unit volume will be large, so that the impurity atoms may largely segregate at the grain boundaries. This may cause an increase in the mean length Lc, since the amount of the soluble impurity atoms inside of the grains will be decreased. The grain size dependence of the breakaway stress for pure magnesium samples in Fig. 5 can be thus understood as a result of the grain boundary segregation of the soluble impurity atoms such as aluminium, manganese, and zinc, which may otherwise stay in the matrix to pinn the dislocations.
According to Granato and Lucke(7), the following formula are given for the amplitudedependent dislocation damping Q-1H as a There is a tendency of increasing C1 corresponding to an increase in the mean size of the magnesium phase, when the size is small. It was estimated from the results that the critical size of the magnesium phase which can obtain high damping capacity at higher stress levels would be at and around 10 microns, where the two straight lines would be expected to meet together. Below 10 microns the value of C1 becomes very small and hence the damping capacity is sharply decreased. This effect would be probably due mainly to the too small value of Ln in eq. (2).
Mechanical properties
In Table 2 are summarized the results of the Koichi Sugimoto, Kazunori Niiya, Taira Okamoto, and Katsuhiko Kishitake mechanical properties of the hypo-eutectic MgMg2Ni alloys and pure magnesium. The 0.2 proof-stress and tensile strength are considerably increased by addition of nickel by 5.80-15.60%. The decrease in the elongation in the samples containing nickel would result from the brittle Mg2Ni phase. The Mg-Mg2Ni hypo-eutectic alloys can, however, be used in the cast state for housing or frames, because their amplitude-dependent internal friction is very high and hence the vibrational energy can be largely dissipated within the material. The value of Q-1 at a stress level of 100g/mm2 is more than 7 times as large as that of the pure magnesium sample 14B, which is a cast sample containing globular grains of about 450 microns in diameter.
V. Conclusions
The effect of addition of nickel to magnesium over the composition range from 0 to 40.41% and of copper, aluminium, and tin to magnesium by 15.10%, 18.40%, and 21.40%, respectively, on the internal friction and Young's modulus has been investigated by use of the flexural vibration method. The following conclusions were obtained.
(1) Addition of nickel up to about 15.60%, hypo-eutectic composition, yielded a new type of high-damping alloy having density of 1.8-2.0g/cm3 and higher mechanical strength than pure magnesium.
(2) The reason of the high damping capacity was explained in terms of the static hysteresis due to the movement of the dislocations in magnesium, which are pinned by impurity atoms weakly. The effect of the mean size of the magnesium phase and the solubility of the alloying elements in magnesium were described and discussed. It is concluded that the followings are the essential conditions for the production of the new type of high-damping alloy. (a) The solubility of alloying elements in magnesium is as small as possible. (b) The primary magnesium grains are dendritic or globular in shape and larger than 10 microns in size.
